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Chasing dark matter at the LHC

- this talk will focus on selected results on simplified dark matter models & benchmark extensions
» ATLAS results on more complex models covered in talks by A. Sharma (SUSY) & A. Leopold (2ZHDM+a, H=inv.)

Why simplitied? What we expect to see?

* go beyond EFT approach (Run 1 approach) - mono-X final states: excess in the E/"*° distribution

- introduce a new mediator and fermionic WIMPs . di-jet resonant production: bump in m; spectrum

- described in general by tew parameters

- over-production of HF + E™* final states
{mx, mz, Ya: M}

q gy )

Q|
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https://indico.bnl.gov/event/9726/contributions/46368/
https://indico.bnl.gov/event/9726/contributions/46353/
https://www.sciencedirect.com/science/article/pii/S2212686419301712?via=ihub

arXiv:2102.10874

Mono-jet in a nutshell

+ goal: look for an excess of events in the £ distribution = discriminant variable

» most general signature for BSM particles, sensitive to a wide range of DM models - more results in backup

A
- candidate events selection: o
at least one energetic jet
up to 3 pr > 150 GeV
additional jets
. > Emiss
i no leptons (incl. T) T
Er " trigger K . . . .
nor photons Dominant irreducible background: Z(— vv)+jets

ET™* > 200 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/

arXiv:2102.10874

Mono-jet in a nutshell

MIsS

* goal: look for an excess of events in the E; 7 distribution — discriminant variable

* most general signature for BSM particles, sensitive to a wide range of DM models - more results in backup

A

- candidate events selection: -
at least one energetic jet

pr > 150 GeV

up to 3
additional jets

> miss
Emiss no leptons (incl. T) =
T HI99er ¥ nor photons Dominant irreducible background: Z(—vv)+jets
E: > > 200 GeV
- NNLO QCD & nNLO EW corrections to V+jets processes Jet Jet
- following Eur. Phys. J. C 77, 829 (2017) s
- SM predictions adjusted using data in orthogonal (e.1) o)
e,
trol . ) N — )
control regions . - Z(=1) e ) W(=N) <

* leptons treated as invisible particles: E;t 7 = py
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://link.springer.com/article/10.1140/epjc/s10052-017-5389-1

arXiv:2102.10874

Background estimation: results

recoil

» simultaneous likelihood fit to p7“°" distributions in CR to estimate SR total background

» 1 normalisation factor for V+jets processes, 2 for top-g. processes - modelling corrected by dedicated CR
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/

JHEP 03 (2020) 145
Di-jet resonance searches

- goal: look for any excess over the mj spectrum - main challenge: model SM QCD background
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https://link.springer.com/article/10.1007/JHEP03(2020)145

JHEP 03 (2020) 145
Di-jet resonance searches

- goal: look for any excess over the mj spectrum - main challenge: model SM QCD background
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q q . fully efficient ~ m; > 1 TeV S £ ATLAS . Data :
- - W10° e oo s ___ Background fit =

- tested both inclusive & = Vs=13TeV, 139 fb - gH S

b-tagged spectra 1o°L. 2 b-tag —— BumpHunter interval

= - DMZ',m_=2TeV 3

[ /' —

. : : 10" & DM Z' =3 TeV -—=

- cut on rapidity gap of leading jets Ve My =steV =

| | oL DM Z' g =0.25, ox10 _

q q * target s-channel interactions E value = 0.83 =
102%_ p-value = 0. _é

Background estimation 10 -
- Sliding Window FiT tested on pseudo-data to find best fit - Lt
1E =

function for the background o E L"'—l_L__f
- uncertainty from function choice: ~10% at high m; o 2?”‘ I B e
c “F E

[ . _

+p4Inx _ S of -

£(x) = py(1 = x)P2xP3*P4 x = my /s %_ZW l l_f

'c,—) N [ 1 1 1 I I [ 1 1 1 [ 1 1 1 [ 1 1 1 I I -

- bkg. uncertainty from: 15 2 25 3 35 4 45

- stat. fluctuations of fit parameters: 0.1% - 30/40% at high m; |
- negligible contribution from spurious signal tests with Z’ signal |BumpHunter to evaluate significance of deviations
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https://link.springer.com/article/10.1007/JHEP03(2020)145

ATL-PHYS-PUB-2021-006

The ATLAS DM searches atlas

Vector mediator Comparison to direct detection experiments
- mono-jet sets the strongest limits among mono-X searches  _,, * vector mediator = spin independent
» inclusive dijet dominates resonant searches Interaction
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A comparison depends on chosen couplings

- also different Jq scenarios tested — see baCkUp Guglielmo Frattari | 14 April 2021 | Dark matter searches with the ATLAS detector | 6
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arXiv:2102.01444

Search for dark matter in tt+E™** final states

- target simplified models with scalar (S) /pseudo-scalar (P) mediators & large coupling to HF - Yukawa like interaction

- selecting final states with = 1 b-jets & 2 leptons - dilepton trigger
- fake Ef™* limited by Ef"*°significance cut, stransverse mass (m+,) cut to reduce tt background

- binned mrz signal region split for lepton flavour: different (DF) & same flavour (SF) selections
- dedicated tt and ttZ enriched control regions to correct backgrounds normalisation

- dominant uncertainties: jet energy scale & resolution measurements, tt modelling, MC stat
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-08/

arXiv:2101.12527

Search for dark matter in bb+E™ final states

MIsS

- select events with E7""° trigger + two b-jets - &,=77%

- keep selections low via a two dimensional cut on pr(j1) & E/™*
- BDT discriminants SM tt, V+jets vs simplified DM models with Yukawa like interaction & S/P- mediator

- final discriminant: cos 6’22 = |tanh An(b,, b,)/2| — Z+= 2 b-jets control regions to correct SM predictions

» dominant uncertainty from modelling of Z+HF process
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-34/

ATL-PHYS-PUB-2021-006

Scalar & pseudo-scalar mediators a1 210210874

Cie . miss -
* best sensitivity looking at HF+ E; 7 final states q d X
- targeted also by mono-jet search
MIssS . : .
* softer E; 7 spectrum w.r.t. SM o ATLAS vs indirect detection
- reduced sensitivity due to large backgrounds experiments
0 7 comparison depends
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/

Phys. Rev. Lett. 126 (2021) 121802

Extending the dark sector

Q: If WIMPs have mass, does a dark Higgs mechanism exist?

» introduce an additional scalar particle s: the dark Higgs q
- additional parameter {mx, mz, ms, gq, 9x} g

- main decay mode s = WW (ZZ) for mg > 160 (180) GeV g

» to maximise BR fully hadronic final states targeted 1

q

Majorana WIMPs
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802

Phys. Rev. Lett. 126 (2021) 121802

Extending the dark sector

Q: If WIMPs have mass, does a dark Higgs mechanism exist? Large-R jet

» introduce an additional scalar particle s: the dark Higgs

- additional parameter {mx, mz, ms, gq, 9x}

- main decay mode s = WW (ZZ) for mg > 160 (180) GeV
» to maximise BR fully hadronic final states targeted

* boosted s = VV decay: better reconstruction with large-R jets, R = 0.8

» innovative methods used to improve resolution of jet-substructure variables
Majorana WIMPs

Track-assisted reclustered jet algorithm

Match tracks Rescale tracks to Calculate

to constituent

Recluster input

jets into trimmed
large-R jets

pt of the matched substructure
R =04 jet from tracks

R = 0.4 jets

Calibrated
anti-k: R = 0.4 jets
ATL-PHYS-PUB-2018-012
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802

Phys. Rev. Lett. 126 (2021) 121802

Search for a dark Higgs boson

n-subjettiness variables used to discriminate 4-prong topology within high energetic TAR jets

events failing TAR jets selection recovered in the Intermediate category - include closest anti-k; 0.4 jet

signal regions: invariant mass of dark Higgs candidate, myy distribution

+ single-bin control regions to correct SM V+jets predictions obtained inverting lepton veto

dominant uncertainties: V+jets modelling, jet measurements

(- 108 ettt > 60 [ T T T T | T T T ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | |

2 —e— Data 0 tt+single top ATLAS ) —  ATLAS —e— Data -

2 [ Z+jets M Diboson+VH Vs=13TeV, 139 fb™" O soE- Vs=13TeV, 139fb" Z+]ets ]

@ 108 E—1 W+jets XXX Background Uncertainty CR only fit i 8 — SR merged V_V+je’[S —

CICJ : | — — Emlss 500 GeV - tt + Single ’[Op ]

i 1u Control Region | 2¢ Control Region | o oignal Region [%) 40— I Diboson + VH —]

! S - _ XX\ Background Uncertainty -

104 F o . S 30E- r—— e Pre-fit Background T

L - — | — - Dark Higgs s(VV) _

° e b age ! N | mz_1TeVm_16OGeV _

102 . . @ 20 NS = 200 GeV =

a = | Slgna|—2x214fb ]

10— au I ]

-d 1.6 B . 1.6 _O [ ; ‘ | o ]

2 13f I ! ¢ 132 0B e —————

o Yt I 3 ) 1 % Q 2 - T T 1 | T T 1 T 1 | | | -

5 10} aas SN\ N\ NN\ EERE- RS R I N 1. 3

S o7f | | | 1070 ® USSR v\'\-*\a\ \x\\*\\\j\\\\ \\S{f\\‘*\x\\\*\\{\\ \M%
0.4 - T | L : | L | - : T S 0.4 - 8 05 :_I ' R T R T T | | ! ! !

\e(med\a\e \30() ,500\ \ \600’00\ \e‘“\%\a\e \.300 500 \ \600 ) ‘e‘«\%\a‘e \300 ,600\ \ \600,00\ 100 150 200 250 300 3£r3r(1) [ G e\é}?o
\Q N\e ( ged s N\e( ge \Q N\e « ged s N\e( ge \Q N\e « ged 3 N\e( ge ! ! VV I

Guglielmo Frattari | 14 April 2021 | Dark matter searches with the ATLAS detector | 11
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Phys. Rev. Lett. 126 (2021) 121802

Search for a dark Higgs boson

n-subjettiness variables used to discriminate 4-prong topology within high energetic TAR jets

events failing TAR jets selection recovered in the Intermediate category - include closest anti-k; 0.4 jet

signal regions: invariant mass of dark Higgs candidate, myy distribution
+ single-bin control regions to correct SM V+jets predictions obtained inverting lepton veto

dominant uncertainties: V+jets modelling, jet measurements
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Conclusions

- presented recent results on simplitied DM models

- more extended DM models covered in Alexander's talk targeting mono-H final states & Higgs to invisible decays
- many DM candidates might be identified in SUSY models - latest results from ATLAS in Abhishek’s talk

- in general growing interest towards more exotics signatures in ATLAS
» pushes our understanding of the detector forward!

ATLAS EXxotics Searches” - 95% CL Upper Exclusion Limits ATLAS Preliminary ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
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S  ssMW ity 1eu - Yes 139 | W’ mass 6.0 TeV 1906.05609 by 0.68 10 GeV<Am(b; ¥1)<20 GeV 2101.12527
o SSM W’ — v T - Yes 36.1 W’ mass 3.7 TeV 1801.06992 2 sz -0 =0 0 miss 5 ) . 20 o0, 20, ; 129
S  HVTW - WZ-fvqqmodelB Tep  2/1J Yes 139 | Wemass 43Tev g =3 2004.14636 @5 Dibubiobl o bk e O R —— g - A ot iy oy ATLAS e a1
® | HVTZ' - ZH model B 02eu  12b  Yes 139 | Z mass 3.2TeV ey =3 ATLAS-CONF-2020-043 3T T ' T e T
S | HVT W — WH model B Oep 21b>2J 139 | W’ mass 3.2 TeV gv =3 2007.05293 23 Af, i) O-leu  2ljet  EP™ 139 | @ 1.25 m(E?)=1GeV 2004.14060,2012.03799
tggm wR - tl;\/ multi-ghannel 36.1 WR mass 3.25 TeV o) — 05 ToV. 1 — 1807.10473 2 SOLE 7> Wb, Teu  Bjets/1b EF™ 139 |7 Forbidden | 0.65 m(@})=500 GeV 2012.03799
R HIR K 1 - 80 [Wrmass S.0Tev m(Ne) = 05TV, &1 = £ 190412679 85 it fioTby, 7110 12t 2jets/1h EMS 139 |7 Forbidden 14 m(71)=800 GeV ATLAS-CONF-2021-008
Cl qqqq - 2j - 370 |A 21.8TeV 7, ) 1703.09127 T L R, foct) /e et Oe,u 2¢ EEFS 36.1 ¢ 0.85 m(¥")=0 GeV 1805.01649
— Cl ttqq 2e,u - - 139 A 35.8 TeV m 2006.12946 elRs} Oe,u mono-jet  E'* 139 7 0.55 m(f,&)-m(t})=5 GeV 2102.10874
O  Cleebs 2e 1b - 139 | A 1.8 TeV g =1 ATLAS-CONF-2021-012 0w 0 miss _ I
Cl yubs 2pu 1b - 139 A 2.0 TeV g =1 ATLAS-CONF-2021-012 fi, -y, X —Z/ WY 1-2ep 1-4b  E} 139 i 0.067-1.18 m(¥3)=500 GeV 2006.05880
Cl tttt >leu 21b,21] Yes  36.1 A 2.57 TeV [Cael = 4n 1811.02305 b, h—h +Z 3epu 1b EPs 139 | h Forbidden 0.86 m(¥7)=360 GeV, m(7; )-m(¥})= 40 GeV 2006.05880
Axial-vector med. (Dirag DM) Oepu, 1,y 1- 4j Yes 139 Mped 2.1 TeV g4=0.25, g, =1, m(x)=1 GeV 2102.10874 );T);g via Wz 3eu Emfss 139 X0 0.64 m(E))=0 ATLAS-CONF-2020-015
s Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mimed 376 GeV gq=1. g=1, m(x)=1 GeV 2102.10874 ee, upt >1jet EPS 139 | X, /X, 0.205 m(¥T)-m(¥})=5 GeV 1911.12606
o) Vector med. Z’-2HDM (Dirac DM) 0O e, u 2b Yes 139 Mied 3.1 Tev tanpB=1, gz=0.8, m(x)=100 GeV | ATLAS-CONF-2021-006 T 2 miss - -
Pseudo-scalar med. 2HDM+a Oe,u 2b Yes 139 | Mmea 520 GeV tanf=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-006 XiXy via Ww eH Ep 139 |, 0.42 m(¥1)=0 1908.08215
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 361 [my 3.4 TeV y=0.4, 1=0.2, m(x)=10 GeV 1812.09743 RS via Wh O-lepu  2b2y EPS 139 | &%  Forbidden 0.74 m(E})=70 GeV 2004.10894, 1909.09226
[§) o F miss Tt = S+ =0
Scalar LQ 1t gen 2e >2]  Yes 139 |LQmass 1.8 TeV =1 2006.05872 =g Aixivan/y 2o L L 10 mE#)=0.5(m(y ymet)) 190808215
Scalar LQ 2" gen 2u >2j Yes 139 LQ mass 1.7 TeV =1 2006.05872 w T Tt 1otk 27 E'T“f“ 139 * [fL. TR LI 0.16-0.3 0.12-0.39 m(¥;)=0 1911.06660
Q  ScalarLQ 3" gen 17 2b Yes 139 | LQj mass 1.2 TeV B(LQ§ — br) =1 ATLAS-CONF-2021-008 Trlir, I-00) 2e,u Ojets  Ep* 139 |7 0.7 m())=0 1908.08215
= ScalarLQ 3': gen Oeu 22j,22b Yes 139 | LQ; mass 1.24 TeV B(LQ; — tv) =1 2004.14060 ee, put >ljet  EMS 139 |7 0.256 m(@)-m(¥})=10 GeV 1911.12606
Scalar LQ 3™ gen >2e,u,21r21j,21b - 139 | LQS mass 1.43 TeV B(LQY > tr) =1 2101.11582 g miss ~ 0
Scalar LQ 3" gen Oepu, 217 0-2j,2b  Yes 139 | LQ§ mass 1.26 TeV B(LQ§ — bv) =1 2101.12527 HH, H=hG/ZG 2 fz g jztz gﬁms 3163;; Z 0.13-0.23 0.55 0-29-0.88 BBS&(?‘ - Zg;j Egg'?‘:ggg
8 T ! - .
VLQ TT — Ht/Zt/Wb + X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343 -
S8 VLABB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343 Direct X1 X7 prod., long-lived X1 Disapp. trk 1 jet EPsS 139 )?i 0.66 Pure Wino ATLAS-CONF-2021-015
g & VLQ Ts/3Ts3/Ts3 » Wt + X 2(SS)/23eu>1b21] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 — Wt)=1, c(Ts;sWt)=1 1807.11883 8 @ X 0.21 Pure higgsino ATLAS-CONF-2021-015
S VLQY - Wb+ X ey 21b,>21j Yes 36.1 Y mass 1.85 TeV B(Y — Wb)=1, cr(Wb)=1 1812.07343 >0 ~ . .
& QB Hb + X Oeu >2b>1j Yes 79.8 |Bmass 1.21 TeV singlet, kg= 0.5 ATLAS-CONF-2018-024 TS Stable 2 R-hadron i Multiple 361 & 2.0 , 1902.01636,1808.04095
VLQ QQ — WqWq 1eu >4 Yes 203 [lQmasseo0cev 1509.04261 S & Metastable g R-hadron, 3—qq¥; Multiple 36.1 | & [r(3)=10ns,02ns] 2,05 2.4 m(¥1)=100 GeV 1710.04901,1808.04095
Q. 77 s i miss e il 0 =
o & Excitedquark q* — qg - 2j - 139 q" mass 6.7 TeV only u* and d*, A = m(q") 1910.08447 = fhi=te Displ- lep i 199 ?” 0.34 o7 :22 - 31 22 531133213
D S Excited quark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440 : e ’
G £ Excited quark b* — bg - 1b,1]j - 36.1 b* mass 2.6 TeV 1805.09299 i 0 - — ;
m S Excited lepton ¢* 3eu . B 0.3 A—3.0TeV 1411.2021 Xt T /XE XEsze—eee 3epu . 139 ;Ef/)f:l: [BR(Z7)=1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
"= Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921 VIXT Xy — Wwzeeetvy dep Ojets  EP™ 139 |G =00 An0Z0] 0.95 1.55 m(¥})=200 GeV 2103.11684
PO =0 =0 _ R = 0\ _. L. A7
Type IIl Seesaw Tes  22j  Yes 139 | NOpmass 790 GeV 20008.07949 8 2oq9¥1, X1 — q4q 45 largeR jets s6.1  [EGa)=0n GV 6aT] 13 19 " 2198 A2 180403568
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g = gr 1809.11105 S o)X > ths Multiple 36.1 T [, =2e-4,1e-2] 0.55 1.05 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
©  Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 H*t mass 870 GeV DY production 1710.09748 Q7 iobXT, KT > bbs > 4b 139 |7 Forbidden 0.95 m(¥F)=500 GeV 2010.01015
% Higgs triplet H** — (7 Seut - - 203 — DY production, B(H;* — (r) = 1 1411.2921 T G fobs 2jets +2 b 36.7  |NEGANES] 0.42 0.61 171007171
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673 P - -
! ' - ) i, hi—qt 2e,u 2b 36.1 | # 0.4-1.45 BR(7y —be/bu)>20% 1710.05544
Magnetic monopoles - - - 344 [Monepclimecs 2.37 TeV DY production, |g] = 1gp, spin 1/2 1905.10130 1u DV 136 | hi [16-10< 4, <1eB,3e-10< 4, <3e-9] 1.0 16 BR(7) >qu)=100%, cos6,=1 2003.11956
‘/_=13Tev ‘/_=13Tev L1l 1 1 1 TR | 1 1 1 L3l 1 1 1 1 ot =0 =0 "
. -1 XT1%5 /X1, 30, —tbs, X1 —bbs 1-2e,pu >6 jets 139 0 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007
partial data full data 10 1 10 Mass scale [TeV] = l
*Only a selection of the available mass limits on new states or phenomena is shown. :
L L L M L L L P
tSmall-radius (large-radius) jets are denoted by the letter j (J). *Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Backup slides
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ATL-PHYS-PUB-2018-043

Monojet sensitivity projections for Run 3 and Phase 2

+ projections of 36fb™" analysis results in different scenarios of systematic uncertainties

End of Run 3 - 300fb™" End of HL-LHC - 3000 b’

;‘ B 0 T | 0 T | 0 T | 0 T | 0 T | 0 T | ;‘ B 0 T | 0 T | 0 T | 0 T | 0 T | 0 T |
8 1400:_ ATLAS Simulation Preliminary _: 8 1400:_ ATLAS Simulation Preliminary _:
I_>I< - s =13 TeV, 300 fb" exp. sys. x1, th. sys. x1 - I_;< - s=13TeV, 3 ab™ exp. sys. x1, th. sys. x1 -
E 1 200:_ gﬁi:l-\;:::igl:]ﬂ;dl\iﬂator exp. sys. x1/2, th. sys. x1/2 _: E 1 200:_ gii:l-\;z:::i;?;d“;ator exp. sys. x1/2, th. sys. x1/2 _:
1 OOO__ gq =0.25, gX =1 exp. sys. x1/4, th. sys. x1/4 _ 1 OOO__ gq =0.25, gx =1 exp. sys. x1/4, th. sys. x1/4 |
- 95% CL limits ] ~ 95% CL limits j
800:_ Projection from Run-2 data _: 800:_ Projection from Run-2 data _:
600/ - 600/ -
400" - 400~ B
200 — 200 —
i I I | I I | I I | I I | I [ | | I I i i [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 1 1 | | [ 1 1 1 i

OO 500 1000 1500 2000 2500 3000 OO 500 1000 1500 2000 2500 3000
m, [GeV] m, [GeV]

* improvements coming ~only by the reduction of theoretical V+jets uncertainties = scenario already improved!
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Axial-vector mediator summary plots

Axial-vector mediator

* mono-jet sets t

» inclusive dijet c

m, [TeV]

ominates resonant searches

ne strongest limits among mono-X searches

— Dijet

139 fb™"; JHEP 03 (2020) 145

— Dijet TLA

29.3 fb™"; PRL 121 (2018) 081801

Dijet + ISR

79.8 fb™"; PLB 795 (2019) 56

— Boosted dijet + ISR

36.1 fb™; PLB 788 (2019) 316

— Boosted di-b + ISR

80.5 fb™"; ATLAS-CONF-2018-052
— tf resonance

36.1 fb™"; EPJC 78 (2018) 565

— bb resonance
139 fb™"; JHEP 03 (2020) 145

miss |, :
— E; T 4et
139 fb™"; arXiv:2102.10874
miss
— By
139 fb™"; arXiv:2011.05259

Lo ] U -
L IATLAS Preliminary 1 %/Q/\ i
3 ! 2171 v i
1 4% = 113 TeV, Mdrch 2021 2 B
R ] o _
R / 7 @Q} i
S : Y _
1.2 / i
S / )
S / —
1k / ]
: / :
0.8 " B
s / P |
: \ - :
0.6H | o -
5 i
SRS ) 7
0.4 ' / N
: / :
SE / Axial-vector mediator, Dirac DM -
0.2tF d N
2 pY gq=0_2,g|=0,gx=1 i
; {/ y All limits gt 95% CL i

0 05 1 15 25 3 35 4
mz.A [TeV]

S ————

resonant searches

miss
Er " +V(qq)
36.1 fb™"; JHEP 10 (2018) 180
— EM4+Z(Il)

36.1 fb™"; PLB 776 (2017) 318

ATL-PHYS-PUB-2021-006

Comparison to direct detection experiments

—p ° axial-vector mediator = spin dependent

Interaction
1 0_37 ! ! L ! A ! | 3
ATLAS P\eliminary \ =
10738 Vs eV, March 2021 \ -
10739 \ . B
107 -
107 =
1072
107 .
10744 —
_45 | Axial-vector mediator, Dirac DM _:
10 = 9,=0.25,9=0,g =1 S
L ATLAS limits at 95% CL, direct detection limits at 90% CL ]
1 0—46 L L 'S B A | L L 'S B A | L L o333 gl
1 10 10° 10°
m, [GeV]

Dijet

Dijet; JHEP 03 (2020) 145

Dijet TLA; PRL 121 (2018) 081801
Dijet+ISR; PLB 795 (2019) 56

Boosted dijet+ISR; PLB 788 (2019) 316
Boosted di-b+ISR; ATLAS-CONF-2018-052

tt resonance
EPJC 78 (2018) 565

bb resonance

JHEP 03 (2020) 145

ET™°+X

ET"+et; arXiv:2102.10874
ET'**+y; arXiv:2011.05259
ET"*+V(had); JHEP 10 (2018) 180

ET**+Z(ll); PLB 776 (2017) 318

XENONI1T

PRL 122 (2019) 141301

LUX

PRL 118 (2017) 251302

A comparison depends on chosen couplings
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ATLAS exotics searches summary plot

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: March 2021 [£dt=(3.6—-139) fo™! Vs=8,13TeV
Model £,y Jetst ET™ [rari™] Limit Reference
] ] ] ] I ] ] ] ] ] ] ] ] I ] ] ] ] ] ] ] ] I ] ] ] ]
2  ADD Gkk +g/q Oep,t,y  1-4 Yes 139 Mp 11.2TeV n=2 2102.10874
kS) ADD non-resonant yy 2y — - 36.7 Mg 8.6 TeV n =3 HLZNLO 1707.04147
2  ADD QBH - 2] - 37.0 Mqn 89TeV n=6 1703.09127
®©  ADD BH multijet —~ >3] -~ 3.6 M 955 TeV n=6, Mp=23TeV,rotBH 1512.02586
£  RS1 Gk - yy 2y - - 139 | Gk mass 4.5 TeV k/Mp =01 2102.13405
S Bulk RS Gk » WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp, = 1.0 1808.02380
£ Buk RS Gk — WV — fvqq 1e u 2i/1J  Yes 139 | Gk mass 2.0 TeV k/Mp = 1.0 2004.14636
m Bulk RS gkx — tt 1e,u >1b,>1J/2] Yes 36.1 gkk Mass 3.8 TeV F/m=15% 1804.10823
2UED / RPP e,y 2>22b,>3j VYes 36.1 KK mass 1.8 TeV Tier (1,1), B(ALY — tt) =1 1803.09678
SSM Z7 — ¢¢ 2eu - - 139 Z’ mass 5.1 TeV 1903.06248
. SSM 72’ - rr 271 - - 36.1 Z’ mass 2.42 TeV 1709.07242
c Leptophobic Z” — bb — 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
8 Leptophobic Z" — tt Oeu >1b,>22J Yes 139 Z’ mass 4.1 TeV r/m=1.2% 2005.05138
S SSMW’ - ¢y Tepu - Yes 139 | W’ mass 6.0 TeV 1906.05609
o SSM W’ — v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
S HVTW - WZ - (vggmodelB 1eu 2j/1J  Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
© HVT Z’ — ZH model B 0-2e,pu 1-2b Yes 139 Z’ mass 3.2 TeV gv =3 ATLAS-CONF-2020-043
O HVT W = WH model B Oe,u >1b,>2J 139 | W’ mass 3.2 TeV gv=3 2007.05293
LRSM Wg — tb multi-channel 36.1 Wg mass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
Cl qqqq — 2] - 37.0 |A 21.8TeV 7, 1703.09127
- Cl ttqq 2e,u — - 139 A 35.8 TeV um 2006.12946
O  Cleebs 2e 1b —~ 139 |A 1.8 TeV g =1 ATLAS-CONF-2021-012
Cl uubs 2u 1b - 139 A 2.0 TeV g =1 ATLAS-CONF-2021-012
. , -_f- d d I< Cl tttt >1Teu 21b,>21j Yes 36.1 A 2.57 TeV |Cat| = 4n 1811.02305
S” ) ,p I Ie a r Axial-vector med. (Dirac DM) ' £q=0.25, g,=1, m(x)=1 GeV 2102.10874
Pseudo-scalar med. (Dirac DM) O e, u,1,7v ' 376 GeV gq=1, g,=1, m(x)=1 GeV 2102.10874
Vector med. Z’-2HDM (Dirac DM) 0O e, u tanp=1, g7=0.8, m(y)=100 GeV | ATLAS-CONF-2021-006
Pseudo-scalar med. 2HDM+a Oe,u 520 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-006
m a tte r m O de ,S Scalar reson. ¢ — ty (Dirac DM)  0-1 e, u y=0.4, 1=0.2, m(x)=10 GeV 1812.09743
Scalar LQ 15t gen 2e >2] Yes 139 LQ mass 1.8 TeV B=1 2006.05872
Scalar LQ 2™ gen 2 > 2] Yes 139 | LQ mass 1.7 TeV B=1 2006.05872
QS Scalar LQ 3" gen 17 2b Yes 139 | LQY mass 1.2 TeV B(LQY — br) =1 ATLAS-CONF-2021-008
~ Scalar LQ 3" gen Oeu 22j,22b Yes 139 LQY mass 1.24 TeV B(LQ3 —» tv) =1 2004.14060
Scalar LQ 3" gen >2e,u,>1r>1j,>1b - 139 LQ? mass 1.43 TeV BLQY - tr) =1 2101.11582
Scalar LQ 3" gen Oe,u, 217 0-2j,2b Yes 139 LQS mass 1.26 TeV B(LQY - by) =1 2101.12527
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
§~._¢Q VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
® § VLQ T5/3T53|Ts3 > WE+ X 2(SS)/28eu21b,21] Yes  36.1 | Tssmass 1.64 TeV B(Tsi3 > Wt)=1, c(Ts/3Wt)=1 1807.11883
f g_ VLQY - Wb+ X le,u >1b,>1j VYes 36.1 Y mass 1.85 TeV B(Y - Wb)=1, cg(Whb)=1 1812.07343
VLQ B - Hb+ X Oepu >2b,>1j Yes 79.8 B mass 1.21 TeV singlet, kg= 0.5 ATLAS-CONF-2018-024
VLQ QR — WqWgq Teu 24)  Yes 203 [lQiasSEeo0Gevt 1509.04261
S <é> EXC!ted quark g* — qg - 2 j — 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
L S Excited quark g* — qy 1y 1] - 36.7 q* mass 5.3 TeV only v* and d*, A = m(q") 1709.10440
C;J £ Excited quark b* — bg — 1b,1]j - 36.1 b* mass 2.6 TeV 1805.09299
Excited lepton v* e ut — - 20.3 A=1.6TeV 1411.2921
Type Il Seesaw 1eu >2j Yes 139 N mass 790 GeV 20008.07949
LRSM Majorana v 2u 2] - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g = gr 1809.11105
3 Higgs triplet H** — ¢¢ 2,3,4 e, u (SS) - - 36.1 £ mass 870 GeV DY production 1710.09748
£ Higgs triplet H: — ¢r et - - 203 |Hfmass = 400GeV DY production, B(H* — (1) = 1 1411.2621
@) Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles — — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130

v_=13TeV v_=13TeV ||||| 1 1 1 1 ||||| 1

artial dat -1
partial data full data 10 1 10 Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown.
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ATLAS SUSY searches summary plot

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

March 2021 Vs =13 TeV
- -1 . .
Model Signature  [£adt 7] Mass limit Reference
] ] ] ] ] ] ] ] I ] ] ] ]
4, G—4¢%1 Oe,u 2-6jets  EF™S 139 1.85 m(¥})<400 GeV 2010.14293
" mono-jet  1-3jets EM$ 361 [§ [8x Degen] 0.9 m(g)-m(t})=5 GeV 2102.10874
() - . ; = -
£ 7z 2o Oepn  2-6jets  EF™ 139 |2 2.3 m(¥})=0 GeV 2010.14293
= g Forbidden 1.15-1.95 m(t})=1000 GeV 2010.14293
% gz, §—qqWx) Tepn 2-6 jets 139 |2 2.2 m(t})<600 GeV 2101.01629
Q 3 g-qq(LOX) ee, Hut 2jets  Ep™ 361 |2 1.2 m(g)-m(¥})=50 GeV 1805.11381
§ 22, 3—qqWZi\ Oe,pu 71jets  EP™ 139 |2 1.97 m()??(} <600 GeV 2008.06032
3 SSe,pu 6 jets 139 |z 1.15 m(z)-m(¥})=200 GeV 1909.08457
c 5 . ) i
= 2z gt 0-1e,u 3, EMs 798 |z 2.25 m(¥)<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 4 1.25 m(g)-m(¥})=300 GeV 1909.08457
b1 b, Oe,u 2b EPs 139 | B 1.255 m(¥7)<400 GeV 2101.12527
by 0.68 10 GeV<Am(b, ¥1)<20 GeV 2101.12527
w o bib, 131—>b)?3 N bh/\?(l) Oe,u 6b ETiss 139 b Forbidden 0.23-1.35 Am(¥3,¥))=130 GeV, m(¥})=100 GeV 1908.03122
< S 27 2b EPS 139 | b 0.13-0.85 Am(¥3,¥)=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
T B .
8.§ fif, fi—th) 0-1e,pu >1ljet EP 139 i 1.25 m(¥))=1 GeV 2004.14060,2012.03799
2 g fif1, o1 —>Wb)?(1) 1e,u 3jets/1b Ef;‘iss 139 f Forbidden ~ 0.65 m(¥})=500 GeV 2012.03799
Q5 i, [i-Tiby, 1116 127 2jets/tb EPS 139 |7 Forbidden 1.4 m(7)=800 GeV ATLAS-CONF-2021-008
T L AR, i) /8 ok Oe,pu 2¢ Eﬁ?“ 36.1 ¢ 0.85 m(¥})=0 GeV 1805.01649
SIS 0e,u mono-jet EXS 139 |7 0.55 m(f,&)-m(¥})=5 GeV 2102.10874
i, Ty, o7/ W 1-2e,u 1-4b  E™ 139 | 0.067-1.18 m(¥3)=500 GeV 2006.05880
hiy, h—h +Z 3e,u 1b E 139 [ Forbidden 0.86 m(¥})=360 GeV, m(7;)-m(¥})= 40 GeV 2006.05880
XX via Wz e Ems 139 | ¥R 0.64 m(E))=0 ATLAS-CONF-2020-015
ee, up >ljet EPMS 139 | X/, 0.205 m(T)-m(¥})=5 GeV 1911.12606
XiXT via WW 2e,p Ems 139 | & 0.42 m()=0 1908.08215
- XX via Wh O-leu  2b2y EMS 139 | X{/ky Forbidden 0.74 m(¥Y)=70 GeV 2004.10894, 1909.09226
= Q XX vialy/v 2epu Emss 139 | & 1.0 m(Z,7)=0.5(m(t%)+m (")) 1908.08215
= e 27 Ems 139 |7 L 7r,L) NONE%0S] 0.12-0.39 m(?)=0 1911.06660
fLrlLR, €] 2e,p Ojets  EMs 139 |7 0.7 m(t))=0 1908.08215
ee, i >1ljet EM™S 139 |7 0.256 m(?)-m(¥})=10 GeV 1911.12606
HH, H-hG|ZG Oe,u >3b Eg 361 | @ 0.13-0.23 0.29-0.88 BR() — hG)=1 1806.04030
4e,u Ojets  EMS 139 | @ 0.55 BR(Y! — ZG)=1 2103.11684
Direct Y1 X7 prod., long-lived X7 Disapp. trk 1 jet EMSsS 139 xi 0.66 Pure Wino ATLAS-CONF-2021-015
2o Xy 0.21 Pure higgsino ATLAS-CONF-2021-015
o) .
=G Stable g R-hadron Multiple 36.1 |2 2.0 1902.01636,1808.04095
5 Metastable g R-hadron, z—ggt] Multiple 8.1 |& F@=t0ns 0205 20524 m(¥1)=100 GeV 1710.04901,1808.04095
S i Displ. lep EPS 139 | & 0.7 () = 0.1 ns 2011.07812
T 0.34 7(f) =0.1ns 2011.07812
YT 10 s —ze—eee Be,u 139 Pure Wino 2011.10543
ﬁf/)?% s WWizeetevy 4e 0 jets E?iss 139 1.55 m(¥})=200 GeV 2103.11684
28, 8-qa%), X} - qqq 4-5 large-R jets 36.1 1.9 Large A7, 1804.03568
S 0T o), X o ths Multiple 36.1 m(¥)=200 GeV, bino-like ATLAS-CONF-2018-003
& 7f, i>bXT, X7 — bbs > 4b 139 Forbidden m(¥})=500 GeV 2010.01015
fify, fi—bs 2jets+2b 36.7 1710.07171
hi, fi—qt 2e,u 2b 36.1 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
1pu DV 136 1.6 BR(7; —~qu)=100%, cosé,=1 2003.11956
X5 1100, 30, —tbs, X —bbs 12eu  26jets 139 | ¥} 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007
1 1 1 1 1 1 1 1 I 1 1 1 1
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Dark matter summary plots allowing coupling to leptons

- different coupling values tested in the two scenarios
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Simplitied DM models couplings limits plot
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Observed
- -- Expected

—— Boosted dijet + ISR
36.1 fb

Phys. Lett. B 788 (2019) 316

Boosted di-b-jet + ISR

80.5 fb™
ATLAS-CONF-2018-052

Resolved dijet + ISR

79.8 & 76.6 fb™!
Phys. Lett. B 795 (2019) 56

Resolved di-b-jet + ISR

79.8 & 76.6 fb
Phys. Lett. B 795 (2019) 56

Dijet TLA

3.6 & 29.3 fb
Phys. Rev. Lett. 121 (2018) 081801

Di-b-jet

24.3 & 139 fb™

Phys. Rev. D 98 (2018) 032016
JHEP 03 (2020) 145

Dijet

139 b~

JHEP 03 (2020) 145

Dijet angular
37.0 b
Phys. Rev. D 96 (2017) 052004

—— tt resonance, 1L
36.1 fb
Eur. Phys. J. C 78 (2018) 565

—— tt resonance, OL
139 fb
JHEP 10 (2020) 61

Dijet + lepton
1397fb ™
JHEP 06 (2020) 151
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Monojet likelihood fit model

L(pk.0) = | || | Poisson (NZ* | uN;E©) + N7 (k. 0))| feonsir (6)

r

l
. . — d 1_ . o oo
kag:/iv (NZ+JetS+NW+JetS) . /{th;s;; 1 /{tNS}nge t n Nglboson _I_NVBF W /Z+jets n Nmultljet—l—NCB

- three free floating Normalisation Factors
- diboson and VBF W/Z+|ets bkgs. taken directly from MC simulation
- multijet and Non-Collision Background: data driven estimate

» systematic uncertainties: gaussian constrained nuisance parameters

Fit strategy
- shape fit to the p*®" distributions in two steps:

1. without including the Signal Region (SR) = check any excess over SM predictions
2. SR + CR fit with signal simulation = extract upper limits on considered models
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Improving V+jets

predictions

arXiv:2102.10874

+ MC simulation of V+jets processes (NLO QCD, LO EW) re-weighted to higher-order (QCD & EW) via theory correction

following Eur. Phys. J. C 77, 829 (2017)

- large impact in the tail of the E;

distribution
- allow to correlate W & Z+jets in the fit

- include systematics to account for
higher-order effects

Background uncertainty in SR

« OQCD uncertainties effects < 1%
«EW: 0.2 ~ 1.6% - affecting tail of E{™
distribution

recoil __ E miss

PT T

[ ATLAS ' |
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E; ——a -———-.1_._._._'_|_ ___.--‘-l--
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O I |
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S Sl b il (el il Sl Al
S| 2
2 .
@ 0 ’
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o _1 ---------------------------------------------------------------- - =
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N S S T S I I ——— ! A I ! PR N S EE N
Sl
© |
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& 1| |
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Pre-fit effect of V+jets theoretical systematics

+| ATLAS
Ys=13TeV, 139 fb"’

Pre-fit effect (%)
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V+jets theoretical systematics

Table 1: Uncertainties considered in the reweighting of V' + jets samples to higher-order QCD and EW parton-level
calculations. For reference, the correspondence with the nuisance parameters included in Table 3 from Ref. is also

indicated.

Source of uncertainty Correlation Nuisance parameter name(s) in Ref.
Truncation of perturbative expan- | Correlated across prTeCOil bins and sDK
sion in aj V + jets processes NNLO
Shape of the vector-boson dis- 1 1
B . Correlated across pr°! bins and 2)
tribution and extrapolation from . T 0" KNNLO
. V + jets processes
low pr to high pt
Difference in QCD corrections | Correlated across pfre“ﬂ bins and NET
between W + jets and Z + jets V + jets processes NNLO
Unknown Sudakov logarithms | Correlated across pfl?c‘)ﬂ bins and 5D 4
beyond NNLO V + jets processes nNLO EW
. . Correlated across prc°! bins, un-
Additional possible NNLO ef- lated bet P TV et 5@ W) 5@ (Zol ) (2), (Zov)
focts correlated between jets pro- K NLO EW? K NLO EW ° K NLO EW
cesses
L Correlated across prc°! bins, un-
Limitations of the Sudakov ap- correlated betweerll?TW +jetsand | 6@\ 53 %)
proximation at two loops . J nNLO EW? nNLO EW
Z + jets processes
Interference terms between QCD | Correlated across prTeC"ﬂ bins and SK |
and EW corrections V + jets processes NNLO mix
. Correlated across pr°" bins and : ;
PDF uncertainties . Pr sum in quadrature of ¢ KlggF
V + jets processes
DifTferent definition of 7-leptons i 1
b Correlated across pr°! bins and
between parton-level calculation . T —
: : V + jets processes
and simulation
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Monojet search: systematic uncertainties effect

Source of uncertainty and effect on the total SR background estimate [Yo]

Flavor tagging 0.1 —0.9 | t-lepton identification efliciency 0.1 -0.07
Jet energy scale 0.17 — 1.0 | Luminosity 0.01 —0.05
Jet energy resolution 0.15-1.3 Noncollision background 0.2 -0.0
Jet JVT efficiency 0.01 — 0.03 | Multijet background 1.0 —0.0
Pileup reweighting 0.4 - 0.24 | Diboson theory 0.01 — 0.22
E™S resolution 0.34 — 0.04 | Single-top theory 0.13 - 0.28
EZ" scale 0.5 —0.25 | tf theory 0.06 — 0.7
Electron and photon energy resolution 0.01 — 0.08 | V+jets t-lepton definition 0.04 — 0.16
Electron and photon energy scale 0.3 —0.7 V+jets pure QCD corrections 0.24 — 1.1
Electron identification efficiency 0.5 - 1.0 V+jets pure EW corrections 0.17 — 2.2
Electron reconstruction efliciency 0.15-0.2 V+jets mixed QCD-EW corrections  0.02 — 0.7
Electron isolation efficiency 0.04 — 0.19 | V+jets PDF 0.01 — 0.7
Muon identification efliciency 0.03 - 0.9 | VBF EW V+jets backgrounds 0.02 — 1.1
Muon reconstruction efficiency 04 —-1.5 Limited MC statistics 0.05-1.9
Muon momentum scale 0.1 —-0.7

Total background uncertainty in the Signal Region: 1.5%—4.2%

Guglielmo Frattari | 14 April 2021 | Dark matter searches with the ATLAS detector | 25


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/

Monojet control regions distributions
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ew physics interpretations in the monojet search
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Mono-photon
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simplified DM models results
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Additional distributions for dark Higgs search

- signal region candidate ms distributions

Intermediate topology Merged topology
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fluctuation reduces sensitivity to ms =160 GeV signal
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802
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Shedding light on dark matter

» mono-photon final states can also be used to constrain simplitied dark matter models
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- irreducible background Z(vv)+Yy and reducible Wy
controlled via CR, similar to mono-jet
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- electrons & jets faking photons estimated in a

Statistically limited analysis

data-driven way
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